Defoliation outbreaks are biological disturbances that alter tree growth and mortality in temperate forests. Trees respond to defoliation in many ways; some recover rapidly, while others decline gradually or die. Functional traits such as xylem anatomy, growth phenology or non-structural carbohydrate (NSC) storage could explain these responses, but idiosyncratic measures used by defoliation studies have frustrated efforts to generalize among species. Here, I test for functional differences with published growth and mortality data from 37 studies, including 24 tree species and 11 defoliators from North America and Eurasia. I synthesized data into standardized variables suitable for numerical models and used linear mixed-effects models to test the hypotheses that responses to defoliation vary among species and functional groups. Standardized data show that defoliation responses vary in shape and degree. Growth decreased linearly or curvilinearly, least in ring-porous Quercus and deciduous conifers (by 10-40% per 100% defoliation), whereas growth of diffuse-porous hardwoods and evergreen conifers declined by 40-100%. Mortality increased exponentially with defoliation, most rapidly for evergreen conifers, then diffuse-porous, then ringporous species and deciduous conifers (Larix). Goodness-of-fit for functional-group models was strong (R 2 c = 0.61-0.88), if lower than species-specific mixed-models (R 2 c = 0.77-0.93), providing useful alternatives when species data are lacking. These responses are consistent with functional differences in leaf longevity, wood growth phenology and NSC storage. When defoliator activity lags behind wood-growth, either because xylem-growth precedes budburst (Quercus) or defoliator activity peaks later (sawflies on Larix), impacts on annual wood-growth will always be lower. Wood-growth phenology of diffuse-porous species and evergreen conifers coincides with defoliation and responds more drastically, and lower axial NSC storage makes them more vulnerable to mortality as stress accumulates. These functional differences in response apply in general to disturbances that cause spring defoliation and provide a framework that should be incorporated into forest growth and vegetation models.
Introduction
Tree response to spring defoliation is complex. Trees lose photosynthetic potential when they are defoliated early in the growing season, which usually reduces growth. Severe defoliation also leaves trees more susceptible to other stresses that may lead to mortality (Houston 1981, Pothier and Mailly 2006) . Yet trees are long-lived, sessile organisms that have evolved to weather many disturbances over their lifetimes. In adapting to this life history, they have become resilient to a wide range of climatic variation and disturbance, including some amount of insect herbivory and defoliation from biotic or abiotic causes. This adaptive resilience can mask the effects of defoliation when individual disturbance years are observed in isolation, as some trees show negligible response or compensate until defoliation exceeds some threshold. Yet as stress accumulates over successive years of an outbreak, changes in tree growth and mortality become more severe, consistent and interpretable (MacLean 1980 , Wargo 1981 , Rubstov 1996 .
Tree responses to stress are viewed increasingly through the lens of inter-specific differences in functional traits including leaf habit and wood growth phenology, xylem anatomy, and nonstructural carbohydrate (NSC) storage (Wiley and Helliker 2012 , Panchen et al. 2014 , Sevanto et al. 2014 , Berdanier et al. 2016 . Ensembles of these traits are often linked. For example, deciduous species that leaf out later tend to have larger xylem vessels and ray parenchyma cells than species that leaf out earlier (Lechowicz 1984 , Panchen et al. 2014 , while evergreen species that depend more on NSC stored in leaves and twigs (Webb 1981 , Kozlowski 1992 , Schaberg et al. 2000 , Wyka et al. 2016 tend to break bud latest of all (Hoch et al. 2003 , Michelot et al. 2012 , Panchen et al. 2014 . These linkages may help explain tree mortality under drought or other stresses (Sevanto et al. 2014 ), yet a consensus on the underlying mechanism remains elusive (Wiley and Helliker 2012) . Insect defoliation is one of a number of periodic stressors of trees that is rarely brought to bear on ongoing discussions of carbon (C) starvation or hydraulic limitation hypotheses (Anderegg and Callaway 2012, Landhäusser and Lieffers 2012) . Yet severe defoliation is relatively straightforward: it directly limits the main source of new C during a critical growing period (Puri et al. 2015 ). An understanding of functional differences in tree response to spring defoliation provides insight relevant to responses to distinct climate-related stresses such as drought or late-season frost (Nichols 1968 , Galiano et al. 2011 .
Extensive research quantifies how tree growth and mortality respond to defoliation, yet it remains difficult to generalize across species and ecosystems due to the wide variety of data, models and scales reported by individual studies (Campbell and Valentine 1972 , Feicht et al. 1993 , Hallett et al. 2006 . These disparities present an obstacle to the development of general models that simulate how defoliation affects forest productivity. While extensive reviews report on the general (Kulman 1971 ) and species-specific effects of defoliation (Davidson et al. 1999 , Jacquet et al. 2012 , they stop short of synthesizing results (but see MacLean 1980) . Comparisons are complicated because measures of defoliation often differ among individual papers. While some authors measure defoliation with empirical methods such as branch sampling (MacLean and Ebert 1999) or from insect frass fall (Townsend et al. 2012) , other papers rely on visual estimates (Iqbal and MacLean 2010) . Visual estimates have been shown to correlate with empirical measures (MacLean and Ebert 1999, Townsend et al. 2012 ), but are often categorized into classes that differ numerically. Authors define these classes quantitatively (e.g., low, medium and high defoliation classes may correspond to 0-30%, 30-60%, 60-100% defoliation, or other values), but classes are typically reported and discussed categorically. These inconsistencies leave a gap in our understanding of forest response to large-scale, recurring insect disturbance that contributes significant uncertainty to forest production-, landscape-and global-scale vegetation models (Pinkard et al. 2011, Dietz and Hatala Matthes 2014) .
We can reduce uncertainty in forest models by quantifying the different ways species respond to stress and how those responses are linked to functional traits (Ward 2016 . We can also improve how observations from field-based studies are extrapolated to geographic scales that are compatible with vegetation models . Recent innovations using satellite data to quantify and map defoliation create the potential to link spatially accurate estimates of disturbance intensity with forest characteristics and response (Townsend et al. 2012 , Foster et al. 2013 , Sanguesa-Barreda et al. 2014 .
To improve forest models with more comparable measures of defoliation, we need numerical models that predict growth suppression or mortality from accumulated defoliation. Examples of such empirical relationships exist for few defoliator systems (Embree 1967 , MacLean 1980 , Alfaro et al. 1982 .
In this analysis, I compare defoliation responses among 24 species from five tree functional groups (Table 1) . I converted previously published data to standardized variables that lend themselves to stand-and landscape-scale forest models and examined the data for significant relationships and differences among defoliator systems. Specifically, I selected studies that quantify both defoliation and the associated responses in terms of growth or mortality. Papers that report both the stress (defoliation intensity) and its effects (severity) are less common than papers that measure only defoliation or its impacts. I quantify cumulative defoliation as the sum of annual defoliation over consecutive years of an outbreak, similar to MacLean (1980) and Embree (1967) . I expected sensitivity to defoliation to differ both by species and by functional groups defined by general adaptations that maintain tree growth and survival.
Materials and methods
To test for generalizable relationships in how trees respond to defoliation, I compiled research papers that reported defoliation as a percentage of the leafy canopy, as well as quantitative changes in growth and mortality (Table 1) . The main challenge presented by this literature is the tendency for each study to define a unique index of defoliation (Feicht et al. 1993) . Defoliation metrics vary widely, yet one point of agreement is that tree responses depend on the intensity, timing, duration and frequency of defoliation (Kozlowski 1969 , Pinkard et al. 2007 . Duration refers to the length of an outbreak in years and frequency refers to the number of outbreaks over a longer period (Davidson et al. 1999) . To capture the duration and intensity, I defined cumulative defoliation (Defo sum ) as the sum of annual defoliation (Defo t ) measured in June, which ranges in intensity Tree Physiology Volume 37, 2017 from 0% to 100% of the whole canopy, over consecutive years (t) of an outbreak (Eq. (1)).
Because repeated defoliation causes cumulative stress in trees, data from consecutive years of an outbreak are of particular interest (Blaise 1958 , MacLean 1980 , Rubstov 1996 , Colbert and Fekedulegn 2001 , Hennigar et al. 2007 , Man et al. 2008 . Defo sum captures both increasing intensity over the duration of an outbreak and the potential for declines in total stored NSC in an objective, quantitative way (MacLean and Ostaff 1989) , and mirrors metrics used by prior authors (Embree 1967 , MacLean 1980 , Alfaro et al. 1982 , Rubstov 1996 , Colbert and Fekedulegn 2001 .
I define an outbreak to occur when insect population densities are high enough at the tree, plot or stand-level to cause measurable defoliation (>30%) that persists for one or more consecutive years (Rubstov 1996) . Excessive levels of combined defoliation intensity and outbreak duration lead to extensive tree mortality and frequently coincide with density-dependent factors that cause insect populations to crash (McCullough 2000) . As a result, cumulative defoliation summed over multiple years rarely exceeded 400% using this definition (see Appendices S1 & S2 available as Supplementary Data at Tree Physiology Online). I do not address the concept of compensatory response to defoliation because it is most often observed in seedlings and for defoliation intensities <50% (e.g., Hoogesteger and Karlsson 1992, Pinkard et al. 2007) .
To account for the effects of seasonal timing, I focused on spring defoliation, which typically starts when buds break in May and peaks in June at the end of leaf expansion in the northern hemisphere. This spring defoliation quantifies changes in the primary flush of leaves, but does not capture whether and to what extent trees refoliate for the remainder of the growing season. Ives and Nairn (1966) , Graham (1956) Tree Physiology Online at http://www.treephys.oxfordjournals.org
When studies reported experimental defoliation during different months, I selected June defoliation and its effects to be most similar to natural defoliation (Wargo 1981) . I relaxed this timing constraint for a few cases where defoliator activity peaks later in June to include sawfly defoliation of Larix species (Graham 1956, Ives and Nairn 1966) . For response variables, I express changes in growth as a percentage (%) of average or expected growth, which was most often estimated from prior non-disturbance years or via comparison with experimental controls. When undefoliated controls and prior growth were available, I normalized growth under defoliation twice, both as a percentage of control growth and of prior growth (e.g., Ives and Nairn 1966) . I calculated cumulative mortality as the percentage (%) of a population that died over a specified period. Mortality was typically measured 5-10 years after an outbreak began (Embree 1967 , MacLean 1980 , Feicht et al. 1993 .
For papers where data were presented in tables, graphs or text I extracted, transformed and analyzed them in a consistent manner. I selected the midpoint of a defoliation range when defoliation classes were reported (e.g., a 150-300% defoliation category, became 225% Defo sum in this analysis) (MacLean and Lidstone 1982) . One exception to this arose for spruce budworm (Choristoneura fumiferana Clem. (SBW)), which like several defoliators of conifers, prefers new needles that emerged in the current spring over older foliage. For SBW, defoliation is often measured as changes in current-year needles only, and cumulative defoliation is the weighted sum of defoliation across retained foliage age-classes (MacLean et al. 2001, Iqbal and MacLean 2010) . As this usage differs from the definition of Defo t, (e.g., simultaneous defoliation of all foliage present in June of year t), I was limited to a subset of SBW data, though similar patterns emerge from data that used the other approach (Blaise 1958 , Batzer 1973 .
I selected papers that reported the aggregate response of all tree canopy classes when available, because many forest models do not track individual trees or their canopy status (Landsberg and Waring 1997 , Bugmann 2001 , Mladenoff 2004 . When data were only reported for separate canopy classes (i.e., suppressed, intermediate or dominant) and sample sizes were available, I used weighted averages of all classes to estimate aggregate stand response (Campbell and Valentine 1972) . I did not distinguish among differences in growth or mortality variables, such as mortality expressed as a percentage of basal area (BA) or number of stems, though I selected growth variables related to measures of secondary growth (i.e., radial, BA, volume or biomass increment) rather than primary growth alone (height). My goal was to determine if trends that emerged from empirical studies would vary among different functional groups of trees. I expected considerable variability in both the predictor (defoliation) and response variables (growth and mortality), as the methods of their estimation varied among studies and often lacked precision (MacLean 1980, Iqbal and MacLean 2010) . Ideally, canopy defoliation and growth response would be measured for individual trees and then aggregated on an area basis to forest plots or stands. In reality, many studies either observe or report defoliation at a coarser spatial scale than the response data. This mismatch in scale introduces uncertainty to the derived relationships. In addition, many papers only reported means of cumulative defoliation categories, and relationships fit to mean values mask the variability inherent in the raw, unreported data. As such, the R 2 values reported from mean-only data underestimate the variability expected from plot-or treelevel data (e.g., R 2 values from plot-level measurements in Rubstov (1996) are lower than R 2 values derived from aggregate defoliation classes in Wargo (1981) ; see Appendix S1 available as Supplementary Data at Tree Physiology Online). I first fit linear models to individual datasets to estimate model parameters without pooling data among studies. I fit univariate models predicting cumulative mortality (%) from cumulative defoliation (Defo sum ) using a log transform to linearize the relationship. I fit either linear or negative log-linear relationships between cumulative defoliation and growth (%). I evaluated the appropriateness of log-transforms using residual and Q-Q plots. I report parameters and results from individual studies in tables and back-transformed models in figures with the untransformed derived data (see Appendices S1-S5 available as Supplementary Data at Tree Physiology Online). When possible, I also fit models to annual mortality rates, which I calculated by dividing raw reported mortality by the number of years over which it had accumulated before measurement. When data were log-transformed to linearize the relationship, the response variable was transformed to ln(y i + 1) if there were observations of zero growth or mortality. All statistical analyses were performed in R (R Development Core Team 2015).
When there were multiple datasets for species that shared the same model form, I used mixed models (nlme package in R) to predict annual growth or mortality from the fixed effect of Defo sum . I tested mixed models that varied intercepts and slopes as random effects by species or functional group. Mixed models predicted either growth or mortality (y i ) from Defo sum (x i ) using the following equation,
where α j represent intercepts and the β j are slopes that vary by j = 1,…, J species or functional groups, depending on the model (Gelman and Hill 2007) . I grouped tree species into five functional groups based on related traits of leaf longevity and xylem structure. The groups included ring-porous (Ring), diffuseporous (Diff) and coniferous deciduous species (Larix) (leaf longevity = 1 year, Con1), and conifers with leaf longevity of 2-3 years (typical of Pinus, Con2to3) or 4-8 years (typical of Abies and Picea, Con4to8).
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Results

Growth response
Published data that reported both defoliation and growth responses included 19 tree species and 11 spring defoliators from 27 studies that represented over 500 plots encompassing 18,000 trees (see Appendix S1 available as Supplementary Data at Tree Physiology Online). Average radial growth decreased linearly with accumulated defoliation for 21 combinations of tree species and defoliators and followed a negative exponential relationship for nine (Figures 1-3 , details on unpooled models in Appendix S1 available as Supplementary Data at Tree Physiology Online). Defo sum accounted for 17 to 99% of the variance in relative growth response, with R 2 values frequently exceeding 0.80 (median = 0.79) (see Appendix S1 available as Supplementary Data at Tree Physiology Online). The expected value of the model intercept would be 100%, reflecting the amount that undefoliated trees might be expected to grow. The actual growth of undefoliated trees varies in response to weather conditions and other variables, as well as assumptions in the original studies. As a result, the fitted intercepts ranged from 79% to 120% with mean 95% confidence intervals (CIs) that included 100% among species (Table 2 , see Appendices S1 and S3 available as Supplementary Data at Tree Physiology Online). The rate of growth suppression, i.e., the slope parameter β in linear models or exponent multiplier in log-linear models, varied among species and functional groups ( Figure 3 , Table 2 ). More sensitive tree species decreased growth by 50-100% suppression over a 100% increase in Defo sum (Figures 2 and 3) (Kulman et al. 1963 , Alfaro and Shepherd 1991 , Gross 1992 , Erdle and MacLean 1999 , while growth of ring-porous species was reduced by only 10-30% over the same range in defoliation (Figures 1  and 3 , see Appendices S1 and S4 available as Supplementary Data at Tree Physiology Online) (Baker 1941 , Rubtsov 1996 , Colbert and Fekedulegn 2001 . Evergreen conifers including Abies balsamea, Abies concolor, Pinus banksiana, Pinus pinaster, Pinus Figure 1 . Growth response of Quercus species to spring defoliation including Quercus robur (Hilton et al. 1987 , Rubstov 1996 , Q. coccinea and Q. velutina (Baker 1941) , Q. rubra (Embree 1967 , Wargo 1981 and Q. alba (Baker 1941 , Wargo 1981 ). Lines show best fit Quercus mixed model (see Appendix S3 available as Supplementary Data at Tree Physiology Online), which did not vary intercepts or slopes (slope = −0.21(−0.23,−0.18)).
Figure 2. Growth decreases curvilinearly in response to defoliation (a) in diffuse-porous P. tremuloides Hodson 1958, Rose 1958) , juvenile A. saccharum, Q. alba and Q. velutina (Wargo 1981) , diffuse-porous P. padus (Tikkanen and Roininen 2001) and B. pubescens (Hoogesteger and Karlsson 1992) , and the conifers A. concolor (Wickman 1963) and P. menziesii (Alfaro et al. 1982) . In most cases, growth of conifer species declined linearly (b) and included steeper declines in P. banksiana, P. pinaster and P. sylvestrus, with slower declines in P. menziesii, P. abies and A. balsamea. The best fit mixed model in (a) (lines) randomly varied slopes and intercepts by species (Table 2) . Lines in (b) show model fits from Appendix S1 available as Supplementary Data at Tree Physiology Online and the best mixed model for Pinus species that varied intercept, but not slope (see Appendix S3 available as Supplementary Data at Tree Physiology Online). The A. balsamea relationship was published by Dobesberger (1998) .
Tree Physiology Online at http://www.treephys.oxfordjournals.org sylvestrus, Psuedotsuga menziesii and diffuse-porous, hardwood Populus tremuloides, Prunus padus and Acer species were more sensitive, showing rapid, strong declines in growth after a single year of complete defoliation. Response of diffuse-porous Liquidambar styraciflua and Populus deltoides was intermediate with declines of 27-45% under 100% Defo sum (Table 2 , see Appendix S1 available as Supplementary Data at Tree Physiology Online). Species with more moderate growth declines generated some radial growth even under severe defoliation, a characteristic of ring-porous Quercus species that grow in colder climates, which must grow new xylem cells every spring as a precursor to leaf expansion (Figures 1 and 3) . Growth of the lone deciduous conifer, Larix laricina, declined less rapidly than evergreen conifers, at a rate similar to the least sensitive diffuse-porous species (Table 2, Figure 3 ).
Negative curvilinear growth responses to defoliation were observed in immature ring-porous trees (Figure 2a) , mature diffuse-porous species and two evergreen conifers, A. concolor and P. menziesii. These cases showed wood-growth decreasing rapidly until it approached zero. Negative values were not observed, though stems will shrink under certain conditions (Wargo 1981 , Alfaro et al. 1982 , Ostaff and Maclean 1995 , MacLean and MacKinnon 1996 . The curvilinear response is plausible in species that can survive many years without measurable growth. Moreover, linear patterns become curvilinear if they approach lower bounds to growth. The linear patterns observed here may simply represent a truncated view of the full relationship. This appears to be the case for juvenile oaks (Figures 2a and 3) , whose growth decreased more rapidly and curvilinearly than mature, naturally defoliated oaks (Figure 1) . The most common response patterns to defoliation are: curvilinear or linear decreases in growth with either gradual or steep slopes. These patterns indicate consistent differences among functional groups of trees.
Mortality
Eighteen studies had suitable defoliation and mortality data covering broad areas of North American and Eurasian temperate forest, >3800 plots, several tree species, and eight distinct spring defoliators of hardwoods, conifers or both (see Appendix S2 available as Supplementary Data at Tree Physiology Online). Mortality increased exponentially in all examples, approaching 100% (MacLean 1980) . This type of response was first observed by Blaise (1958) for A. balsamea mortality following SBW defoliation. The parameters of the exponential models varied for different tree species and defoliators (Table 2, Figure 4 , see Appendices S2, S3 and S5 available as Supplementary Data at Tree Physiology Online). Defo sum accounted for 90% of the variation in cumulative mortality of Quercus dominated forests following Lymantria dispar L. (gypsy moth (GM)) outbreaks (see Appendix S2 available as Supplementary Data at Tree Physiology Online; Feicht et al. 1993) . Quercus mortality increased slowly at first, until Defo sum approached 150%, after which mortality increased rapidly toward 100% (Baker 1941 , Campbell and Valentine 1972 , Feicht et al. 1993 , MacLean and Ebert 1999 . A similar exponential increase was reported by Dobbertin and Brang (2001) for a single year of defoliation ranging up to 100% (see Appendix S2 available as Supplementary Data at Tree Physiology Online). R 2 values for unpooled mortality models varied from 0.31 to 0.99 and averaged 0.71 for all studies (see Appendix S2 available as Supplementary Data at Tree Physiology Online). The intercept of mortality models (α, Table 2 , see Appendix S2 available as Supplementary Data at Tree Physiology Online) represents background mortality rates expected in the absence of defoliation, which should range from~0% to 2% year −1 and average 1% year −1 for similar forests (Lines et al. 2011) . Exponential model intercepts that do not differ significantly from zero represent background mortality rates that range from zero to~1%, which was observed for many annual models (see Appendix S2 available as Supplementary Data at Tree Physiology Online). The fixed intercepts for mixed models of annual mortality rates ranged from -0.18% to 1.26% year −1 when back-transformed (95% CIs, Table 2 ), consistent with these expectations, though for cumulative mortality models, the background mortality rate represents the accumulation of annual mortality over~5-10 years before it was Figure 3 . Slope parameters (β) and 95% CIs for unpooled models that predict growth from cumulative defoliation (Defo sum ) (see Appendix S1 available as Supplementary Data at Tree Physiology Online). Woodgrowth in ring-porous species (Ring) decreases less in response to Defo sum than in diffuse-porous species (Diff) or conifers (Con). Deciduous conifers (Con1) respond more like broad-leaved species than conifers whose foliage persists 4-8 years (Con4to8) or 2-3 years (Con2to3). Slopes parameters (β) from log-linear relationships (gray lines) were transformed for comparison to the change in y i expected when Defo sum = 100% by calculating -(1-e (β × 100) ). Labels correspond to genus or species codes made up of the first two letters of the genus and species names, respectively (Table 1) .
Tree Physiology Volume 37, 2017 measured. Intercepts of cumulative mortality models ranged from 0% to 16%, but averaged 0.42% (see Appendix S2 available as Supplementary Data at Tree Physiology Online).
Mortality rates of evergreen coniferous species increased most rapidly in response to defoliation (Figure 4 ), and were higher for species with leaf longevity of 4-8 years than for Pinus that retain leaves for 2-3 years (Table 2) . Mortality in A. balsamea following defoliation by Lambdina fiscellaria fiscellaria (hemlock looper), a defoliator of all foliage age-classes, was similar to rates in A. concolor, Picea mariana, Picea rubens and Tsuga canadensis (see Appendices S2 and S5 available as Supplementary Data at Tree Physiology Online) (Turner 1963 , Wickman 1963 , Stephens 1984 , Erdle and MacLean 1999 , MacLean and Ebert 1999 . Though modeled Pinus mortality rates were lower, the models appeared to underpredict the highest rates when Defo sum approached 100% (see Appendix S5 available as Supplementary Data at Tree Physiology Online). This suggests that Pinus response could align with other conifers if more data were available.
When the data were combined from five studies of Pinus response, including mortality of young and mature P. strobus following GM defoliation and mature P. banksiana following Choristoneura pinus pinus (jack pine budworm) defoliation (Baker 1941 , Kulman et al. 1963 , Turner 1963 , Stephens 1984 , Gross 1992 (Figure 4) , the best fit model shows mortality increasing more rapidly for defoliated Pinus than for deciduous species (Figure 4 , Table 2 ). Pines withstand only a few years of complete or severe defoliation, consistent with this rapid increase in mortality (O'Neil 1962 , Volney 1998 .
Of the deciduous species, mortality rates of diffuse porous hardwoods increased faster than ring-porous Quercus, and mortality of the deciduous conifer (Larix) was lowest in response to Table 2 . Parameters from mixed models that predict relative tree growth (%) and mortality (%) from cumulative defoliation (Defo sum , %) with random effects by species or functional group as described in Eq. (2). Additional models and details are reported in Appendix S3 available as Supplementary Data at Tree Physiology Online. Species parameters are ordered from top to bottom from the strongest to weakest effects (β). Species codes combine the first two letters of the genus with the first two letters of species name (Table 1) . Species or functional group model parameters can be calculated by adding random effects to the fixed effects for the same model.
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Defo sum . Diffuse-porous cumulative mortality approached 100% when Defo sum neared 300%, while ring-porous hardwoods averaged less than 80% mortality for Defo sum as high as 400% (Figure 4 ). Average Larix mortality was even lower, but much more variable as Defo sum increased (Figure 4 ), such that several observations overlapped with ring-porous response.
Differences in response models: species vs functional group
For cases where it was possible to formally compare mixed models (Table 2 , Appendix S3 available as Supplementary Data at Tree Physiology Online), models with species-specific parameters generally ranked higher than models that used random effects to allow parameters to vary based on functional group (see Appendix S3 available as Supplementary Data at Tree Physiology Online). In comparison to species-specific models, functional group models lost little in terms of goodness-of-fit (best functional group model R 2 c = 0.61 compared to 0.77 for best species-specific model for data that followed a log-linear model form) (Table 2 , see Appendix S3 available as Supplementary Data at Tree Physiology Online) (Nakagawa and Schielzeth 2013) . Variance explained by the best linear growth models was similarly high for functional group (R can be used as a surrogate to predict growth and mortality response for tree species that lack data.
Discussion
Relationship of growth and mortality responses to phenology, wood anatomy and NSC storage Variation in growth traits related to leaf longevity, phenology, NSC storage and wood anatomy define tree functional groups that help explain the different defoliation responses reported here. Broadly speaking, ring-porous Quercus species grow more under a given amount of defoliation than diffuse-porous species or deciduous conifers, while evergreen conifers grow the least under equivalent stress. The ranking of mortality responses was similar, with the deciduous conifer and ring-porous group experiencing the least mortality, deciduous diffuse-porous species dying at intermediate rates and evergreen conifers dying at the highest rates. I frame the discussion of how these traits interact to produce these patterns by focusing on the phenology of the key events of leaf expansion, initiation of xylem growth, defoliation, refoliation and hypothesized C-flux into and out of the total NSC pool over consecutive growing seasons (illustrated with a conceptual diagram in Appendix S6 available as Supplementary Data at Tree Physiology Online). Note that this review lacks data on broadleaf evergreen examples, thus discussion of ring-porous and diffuse-porous groups is limited to temperate deciduous genera and may not generalize to their evergreen counterparts.
Ring-porous species are resilient to defoliation and reduce wood-growth the least. For example, Quercus that survive several years of spring defoliation show a linear reduction in growth of 18-23% per 100% increase in defoliation (Quercus model, see Appendix S3 available as Supplementary Data at Tree Physiology Online). Mixed models showed that a single intercept and slope was best for analogous data collected in New England, Quebec, Nova Scotia and Russia (Baker 1941 , Embree 1967 , Rubtsov 1996 , Naidoo and Lechowicz 2001 ) (see Appendix S3 available as Supplementary Data at Tree Physiology Online). Over the course of a~3-4 year outbreak, wood growth was reduced by up to 50-70% in these examples, but rarely more. Temperate deciduous oaks are ring-porous species that rely on large early-wood vessels for hydraulic transport (McCulloh et al. 2010) . In cool climates, more than 90% of these vessels cavitate under freezing winter temperatures, meaning that function of oak hydraulic architecture is reduced from one year to the next (White 1992 , Sperry et al. 1994 , Davis, Sperry and Hacke 1999 , and conductive sapwood may be limited to the outer one to two annual rings (Rogers and Hinckley 1979, White 1992) . Temperate oaks overcome this limitation by storing excess starch reserves over winter in sapwood and ray parenchyma cells and drawing on them to build new xylem elements the following spring (Barbaroux and Breda 2002) . The resulting early-wood growth will actually precede emergence of leaves by 2-6 weeks (see Appendix S6a available Figure 4 . Cumulative mortality increased exponentially in response to accumulated defoliation and varied by functional group. Mortality rates rose most quickly in conifers with leaf longevity of 4-8 years (Con4to8) (e.g., Abies, Picea, Pseudotsuga, Tsuga), followed closely by Pinus species (Con2to3). Of the deciduous group, diffuse-porous species died most rapidly, while mortality in ring-porous Quercus dominated forests was lower, and mortality rates in coniferous Larix (Con1) was lowest. Lines show the best mixed model fits by functional group (Table 2 , see Appendix S3 available as Supplementary Data at Tree Physiology Online). Plots and details from each citation can be found in Appendices S2 and S5 available as Supplementary Data at Tree Physiology Online.
as Supplementary Data at Tree Physiology Online), and is crucial to supply water to developing foliage (Lechowicz 1984 , Hacke and Sauter 1996 , Suzuki et al. 1996 , Michelot et al. 2012 . Accordingly, many temperate Quercus species, and large vessel ringporous species in general, leaf-out later than do other deciduous species (Lechowicz 1984 , Panchen et al. 2014 . Growth phenology from dendrometer bands has documented examples where 30% of radial growth is completed before budburst, and 40% by the time tree canopies achieve maximum leaf area index (LAI) in June (Hinckley and Lassoie 1981 , Barbaroux and Breda 2002 , Zweifel et al. 2006 . Similarly, 50% of the annual xylem was formed by June for ring-porous Fraxinus excelsior (Ladefoged 1952) . Spring defoliators do their worst damage once they grow into the 4th and 5th instar at the end of their feeding period. By the time they reach this stage in June (see Appendix S6b-d available as Supplementary Data at Tree Physiology Online), many ringporous species have already completed 30-40% of annual wood growth (Kozlowski 1969 , Zweifel et al. 2006 .
Xylem vessels are necessary for maximum conductance in support of leaves and photosynthesis. This constraint results in a minimum cambial growth threshold for temperate, deciduous oaks that is typically 20-40% of average radial growth. The curvilinear growth response of juvenile Quercus trees defoliated by Wargo (1981) illustrates this well (Figure 2a) . Trees that are depleted of starch to the point that they are unable to generate this minimum vessel layer, or to refoliate the following spring, are likely to die and leave the pool of survivors (Wargo 1981 , Webb 1981 . These minimum growth thresholds lend support to the argument that NSC storage is an active, regulated C pool, at least in ring-porous Quercus species that are subject to winter embolism (Epron et al. 2012 , Sala et al. 2012 , Wiley et al. 2013 .
Studies of NSC storage and its seasonality support this view, though the mechanisms remain in question (Hoch et al. 2003, Landhäusser and Lieffers 2012) . Hoch et al. (2003) measured NSC allocation and reserves for 10 tree species and estimated that deciduous species maintain C reserves that could regenerate the equivalent of four canopies of foliage (see Appendix S6 available as Supplementary Data at Tree Physiology Online) . Others have looked at the question of NSC residence time in different ways. Trumbore et al. (2015) found that CO 2 respired from Quercus stems ranged from a mix of NSC that was 1-2 years old for deciduous vs 2-4 years old for evergreen species and Muhr et al. (2016) found that residence times of soluble NSC in A. saccharum ranged from 3 to 5 years in age. Uncertainties around NSC pools are large, but if we accept that defoliation causes deciduous trees to draw down total NSC stores from levels that average the equivalent of 2-4 years of foliar development, we can visualize how cumulative defoliation could deplete these pools over an outbreak (see Appendix S6 available as Supplementary Data at Tree Physiology Online). These estimates agree with anecdotal evidence that many trees die following 3-4 years of complete defoliation and are consistent with curvilinear mortality rates (Figure 4 , see Appendix S5 available as Supplementary Data at Tree Physiology Online). Wargo (1981) measured starch reserves in juvenile Q. velutina, Q. alba and A. saccharum following 3 years of 100% defoliation and found that starch dropped curvilinearly to 11% and 0.2% of average in Q. alba and Q. velutina, respectively (similar to Wiley et al. 2013) . In comparison, starch in A. saccharum dropped to 0% and all its seedlings died (Wargo 1981) . Similarly, when starch levels in twigs of P. menziesii and A. concolor dropped to zero under 100% defoliation (Webb 1978) mortality was complete (Webb 1981) . Diffuse-porous hardwoods and conifers are able to forego radial growth in stressful years (but see Puri et al. 2015) , but these groups appear sensitive to rapid reductions in starch because they maintain lower stem NSC reserves than ring-porous species (Wargo 1981 , Barbaroux and Breda 2002 , Csóka et al. 2015 .
Diffuse-porous species from genera such as Populus (aspen), Acer (maples) and Fagus (beech) demonstrate a growth phenology that differs from ring-porous species and could explain their greater sensitivity to defoliation. The smaller vessels in diffuse-porous wood rarely cavitate and water transport is thus possible using existing xylem as soon as spring conditions are suitable for budburst and shoot elongation (Lechowicz 1984 , Davis et al. 1999 . Diffuse-porous species typically utilize multiple annual rings for hydraulic function (Berdanier et al. 2016) . They tend to store less starch in sapwood, maintaining at least enough to generate a new set of foliage (see Appendix S6e available as Supplementary Data at Tree Physiology Online; Sala et al. 2012 ). These species leaf-out as early as possible when growing conditions become suitable (Panchen et al. 2014) , and the probability of late frosts decreases (Barbaroux and Breda 2002) . In comparison with ring-porous Quercus, diffuse-porous Fagus leaf-out earlier in the spring (see Appendix S6 available as Supplementary Data at Tree Physiology Online), delay radial growth for up to 2-7 weeks after budburst, and may complete only 5-10% of annual growth by the time canopies reach maximum LAI (Suzuki et al. 1996 , Schmitt, Moller and Eckstein 2000 , Barbaroux and Breda 2002 , Michelot et al. 2012 ). In such cases, June defoliation could suppress radial growth by up to 95%, consistent with the 30-80% reductions observed here. This sensitive growth response leads to steeper negative slopes (e.g., decreasing growth) as defoliation accumulates. At the same time, these traits may help some species, such as P. tremuloides, survive by allowing trees to dedicate more photosynthate to refoliation or chemical defense, rather than actively replenishing NSC reserves for future wood-growth. The literature remains equivocal on this topic (Epron et al. 2012 ). This review shows that diffuse-porous genera Acer, Populus, Prunus and Betula suppress growth more under defoliation than Quercus species (Figures 2 and 3, Table 2 ).
Conifers that retain foliage for multiple years exhibit another set of traits that contribute to a more sensitive response to defoliation. Coniferous conductive tissue is made up of tracheids that resist cavitation, a necessity for retention of green leaves through the winter dormant season Lassoie 1981, Tyree and Ewers 1991) . Like diffuse-porous species, conifers do not depend on radial growth to renew xylem function and can survive periods without it. This characteristic shows up as absent tree-rings in dendrochronological research, which are most common in Pinus species yet almost unobserved in ringporous Quercus (St George et al. 2013) . Unlike deciduous trees, conifers tend to rely more on translocation of NSC stored in older foliage and twigs to grow new foliage in the spring, than on NSC in sapwood (Kozlowski 1992 , Schaberg et al. 2000 , Hoch et al. 2003 , Epron et al. 2012 , Wyka et al. 2016 ). New, current-year foliage quickly becomes responsible for a greater proportion of net photosynthate production than older foliage (Freeland 1952) . Lower investment of NSC to axial storage makes evergreen species the most vulnerable to mortality when completely defoliated, as shown by rapid conifer mortality in this synthesis, by Pinus radiata that experienced 87% mortality under >75% defoliation (Castedo-Dorado et al. 2016) , and also by comparisons of defoliated evergreen and deciduous Nothofagus species (Piper and Fajardo 2014) . These characteristics mean radial growth can vary in response to defoliation from 0-100%, and preferential herbivory of old or new foliage can produce linear or nonlinear relationships (Figures 2 and 3) .
Implications for models of forest productivity
The evidence that defoliation decreases wood growth and increases mortality, and that these responses vary among tree functional groups, presents an opportunity to improve general models of forest growth. First, these relationships can be incorporated quickly into stand or landscape models that model disturbance effects on stem-growth and mortality via modifiers that scale from 0 to 1 (Bugmann 2001 , Mladenoff 2004 , Dietz and Hatala Matthes 2014 . Second, forest models differ in how and when they allocate newly assimilated C to storage, stem-wood growth, or other pools and fluxes, with the majority of models treating stem growth as the lowest priority (Waring 1987 , Davi et al. 2009 , Dietz and Hatala Matthes 2014 , De Kauwe et al. 2014 ). These results highlight at least one exception: the fact that stem-growth of ring-porous Quercus rarely fell below a minimum threshold equivalent to 20-40% of average, and that Quercus rarely drop rings (St George et al. 2013) , challenges this assumption for a widespread functional group. If xylem growth must precede foliar growth every spring, this constraint suggests that active or regulated transport of NSC to stem-wood storage takes precedence over other sinks at times in the growing season (see Appendix S6 available as Supplementary Data at Tree Physiology Online), and early-wood growth should be modeled as a higher priority than it is. This is important because C that is mobilized from NSC to pre-foliar xylem growth becomes fixed in the long-lived woody C pool (~longevity >10 to 100s of years). These constraints also have implications for conceptual models of NSC mobility that recognize two effective pools, a fast-turnover NSC pool and a slow pool , Richardson et al. 2015 . Richardson et al. (2015) reported that significant outward radial mixing of NSC stored in the 'slow' older sapwood pool has not been observed, yet the ideal test for outward mixing would measure NSC flux in trees as they are being completely defoliated for up to four consecutive growing seasons (see Appendix S6 available as Supplementary Data at Tree Physiology Online). Treatment of NSC storage and flux in forest models will be improved most by empirical studies of mature-tree responses to a wider range of cumulative defoliation than has been the norm (e.g., 50-400% Defo sum ).
Linear models between Defo sum and growth also pose a challenge to stand and global models of forest productivity that are driven by remote sensing of absorbed photosynthetically active radiation (APAR) and empirical measures of light-use efficiency (ε) (Medlyn 1998 , Cook et al. 2008 , Hilker et al. 2008 , Waring et al. 2016 . For these models, the question arises whether changes in % defoliation as measured in the defoliation literature are comparable to measures of LAI derived from PAR and physical modeling of light extinction through forest canopies (Buckley et al. 1999 , Metzger and Oren 2001 , Monsi and Saeki 2005 . While differences in standardized satellite vegetation indices have been shown to scale proportionately with changes in foliar biomass that result from defoliation (Townsend et al. 2012) , these relationships have not been reconciled with the nonlinear response of light transmission to changes in LAI. Leaflevel photosynthesis measured over short time scales responds non-linearly to APAR, yet metrics of gross and net primary production (GPP, NPP) and ε that are integrated to months or years tend to scale linearly with integrated measures of PAR (Medlyn 1998 , Waring et al. 2016 . This linearity has proved a useful simplification for popular models of forest production (Hilker et al. 2008 , Waring et al. 2016 ), yet the lack of a mechanistic explanation continues to complicate how models are scaled from short to long time-scales and from individual leaves to biomes (Medlyn 1998) .
A handful of serendipitous studies can shed light on the question of whether % defoliation is likely to vary with PAR in ways that can be incorporated into physiological models of forest growth. In these examples, large changes in LAI and/or PAR were proportionally related to changes in aggregate tree growth. Cook et al. (2008) decreased by 65% when a Quercus-Pinus stand was intensely defoliated by −50% to −90% LAI (LAI reduced from 4.8 to 0.5-2.3) in 2007 (Clark et al. 2014) . Kosola et al. (2001) measured PAR during GM defoliation of P. deltoides clones and observed that canopy light transmission increased to 60% during peak defoliation compared with 30-40% in undefoliated controls. This 30-50% decrease in absorbed PAR corresponded to a 50% reduction in diameter growth (Kosola et al. 2001) , which would produce a negative slope approximately −0.4, very similar to the −0.44 response of P. deltoides to %defoliation in Reichenbacker et al. (1996) (see Appendix S1 available as Supplementary Data at Tree Physiology Online). Leaf area index in these deciduous systems has been found to correlate linearly with measures of PAR (Buckley et al. 1999) , but this may not be the case when LAI is 6 or higher. Eschtruth and Battles (2014) estimated similar changes in light transmission from hemispherical photos during a GM outbreak in 2006. They found that canopy transmission increased from baselines of 9-18% to 36-67% during that outbreak. These reports provide groundbased evidence that intense defoliation (>30%) significantly reduces LAI, APAR and has proportional effects on GPP for deciduous forests dominated by host species, effects that may also scale linearly when integrated to annual scales. More research is needed to establish the physical basis for these relationships and to determine how light transmission in coniferous or mixed forests responds to defoliation.
Research needs
I have focused on northern temperate tree species defoliated early in the growing season by the most common outbreaking insects in the Lepidoptera and Hymenoptera, or by humans seeking to mimic their behavior. Defoliators with different seasonal dynamics and feeding behavior would likely have distinct effects on C assimilation and allocation and deserve further attention (Dietz and Hatala Matthes 2014) . For example, aphids whose damage peaks late in the growing season had a similar effect on P. radiata to the Pinus responses reported here, e.g., growth responses of −0.73 to −0.80 (May and Carlyle 2003 ). Yet mortality of P. sylvestris under pine-looper (Bupalus piniaria), a late-summer defoliator, was lower than responses to spring defoliators, with mortality ranging from 0% to 60% but averaging only 25% for defoliation of 90-100% (Cedervind and Långström 2003) . Defoliation caused by Coleoptera or fungi may have other distinct effects (Reichenbacker et al. 1996 , Saffell et al. 2014 . The focus on northern hemisphere systems also leaves a gap that would benefit from synthesis of defoliation effects in southern hemisphere species, which could include broadleaf evergreen species, a functional group not considered here (Piper and Fajardo 2014) . Finally, drought, nutrient limitation and other climatic stress should interact with defoliation to intensify these relationships, so research that quantifies their interaction is needed for models of forest response to climatic change.
Conclusion
The simple, general relationships reported here indicate that severe defoliation slows C accumulation in host species through destruction of foliar biomass and suppression of radial stem growth. Productivity is diminished at different rates, depending on tree-growth functional traits and defoliator characteristics. Wood-growth is the most resilient to defoliation in deciduous, ring-porous species with pre-foliar xylem growth. These species hedge against the risk of winter cavitation by maintaining high NSC pools in stems and roots that also help them survive persistent defoliation. Continuous defoliation increases tree mortality exponentially. Mortality rates increase most rapidly in evergreen conifers that invest the most in long-lived leaves and the least in stem NSC pools, leaving them most vulnerable to complete defoliation. Mortality rates rise more slowly in deciduous species, with higher rates found in diffuse-porous genera such as Acer and Populus, then in ring-porous Quercus, and the lowest found in deciduous conifers (Larix) though the lagged phenology of its defoliators may drive this result. Nonlinear growth and mortality responses can lead to extreme short-term losses in aboveground C and should allow us to more accurately model defoliation effects on forest C accumulation. This framework for quantifying the accumulation of defoliation and associated variation in growth and mortality responses can facilitate comparisons across defoliator systems and should be incorporated into models of forest productivity and disturbance.
